The aim of this study was to test the impact of Rhizophagus irregularis, an arbuscular mycorrhizal fungus (AMF), on durum wheat growth and soil microbial functionalities in a field inoculation trial conducted in Morocco. The results showed that i) the R. irregularis inoculum effectively improved wheat growth, ii) wheat growth promotion depended on the soil mycorrhizal infectivity and iii) functional abilities of soil microflora depended on AMF inoculation. This study confirms that field AMF inoculation can be proposed as an effective agronomic practice in wheat production and as a sustainable cultural practice to manage soil biofunctioning. To fully promote inoculation practices, a better knowledge of AMF ecology has to be acquired to better adapt AMF inoculation to environmental conditions, and thus warrant better yields and agricultural sustainability.
Introduction
It is well known that Arbuscular Mycorrhizal Fungi (AMF) play a major role in the biofunctioning of natural and agricultural ecosystems. AMF form symbiotic relationships with most of indigenous and cultivated plant species in terrestrial environments by increasing the nutrient uptake efficiency of plants in exchange of photosynthetically fixed carbon [1] . In addition to these nutritional benefits, AMF are also known to increase soil structure, reduce diseases, affect the diversity of plant communities [2] - [4] and influence relationships between plants [5] - [7] . In addition, mycorrhizal symbiosis alters root functions and microbial equilibrium in the rhizosphere [8] [9] . This zone influenced by both the roots and the mycorrhizal symbiont has been named "mycorrhizosphere" [10] [11] and included the more specific term "hyphosphere" which only referred to the zone surrounding individual fungal hyphae [12] . The "mycorrhizosphere effect", resulting from fungal activities, modifies the structure and the functionalities of soil microbial communities [13] . Numerous studies have reported that AMF and soil microflora can interact synergistically leading to plant growth stimulation [14] .
Hence AMF offer a large potential to increase agricultural yields and productivity in a low-input manner. However, a significant part of the knowledge about AMF functions results from laboratory experiments in which plants are cultivated in sterilized soil inoculated or not with particular AMF strains. This experimental approach excludes indigenous AMF that could alter plant response or compete with the AMF inoculant [15] [16] . In addition, these studies ignore the functional complexity of the soil biological community that could interact with the fungal inoculant and influence the establishment of the AMF symbiosis and its impact on the plant development [17] [18] .
Wheat is one of the most important cereal crops in the world in terms of cultivated area [19] and durum wheat (Triticum turgidum L. var durum) is the main cereal grown in the Mediterranean regions [20] . It is mostly grown under stressful conditions in the Mediterranean region, where drought and heat stress usually constrain yield potential during the grain filling period [21] . Wheat is classified as non-mycotrophic or mycotrophic depending on the cultivars [22] . Although many field studies have addressed the possibility of increasing wheat nutrient uptake, growth and yield by AMF inoculation [23] , very few have been performed along the south side of the Mediterranean Basin and more particularly in Morocco. In addition, little is known with regards to the impacts of AMF application on the native soil microbial functions.
In the present study, we conducted a field trial aiming to answer to the following questions: 1) Does AMF inoculation increase wheat growth, nutrient uptake and grain yield? 2) Are an increased mycorrhizal colonization and an extended soil hyphal length linked to changes in wheat growth, nutrient uptake and grain yield? 3) Is the impact of AMF inoculation on wheat growth, nutrient uptake and grain yield dependent on the native AMF abundance and infectivity (mycorrhizal soil infectivity)? 4) Does AMF inoculation impact the native soil microbial functions involved in the main soil geochemical cycles (P and N)? 
Materials and Methods

Field Conditions and Experimental Design
Plant Analysis
After one and two growing seasons, at wheat tillering, the total number of wheat plant and spike per plot were counted. Then ten randomly chosen plants in the middle of the plot were harvested. The seeds from each plant were collected, counted and weighed to determine the dry weight of 1000 seeds (grain yield). The aerial parts of each plant were then oven dried at 70˚C during 2 weeks and weighed. After drying, shoot tissues were ground, ashed (500˚C), digested in 2 ml HCl 6N and 10 ml HNO 3 N for nitrogen and then analyzed by colorimetry for phosphorus [24] . For nitrogen determination (Kjeldahl method), they were digested in 15 ml H 2 SO 4 (36 N) containing 50 g•l −1 of salicylic acid. Roots from five other randomly chosen plants in the middle of each plot were sampled and root subsamples of about 3 g each were taken. Each subsample was stained with 0.05% trypan blue in lactic acid according to Phillips and Hayman [25] ; root colonization by AMF was then measured with the grid intersect method according to Giovannetti and Mosse [26] .
Inoculation effectiveness (IE) of AMF inoculation on plant yield was calculated based according to the following formula:
with +M, inoculated plants; −M, non-inoculated plants.
Soil Microbial Analysis
After one and two growing seasons, soil cores (1 kg) were collected at 0-to 10-cm depth in each plot. About 10 soil samples were taken from each plot and pooled together. Soil samples were crushed and passed through a 2-mm sieve. Then hyphal length was measured by the filtration-grid-line method [27] . Patterns of in situ catabolic potential (ISCP) were designed to determine the functions of soil microbial communities and the microbial functional diversity in soil treatments after one and two growing seasons [28] . With a micro-respirometry method carried out in 96-well microtiter plates [29] 
. Detection plates were prepared according to the MicroResp™ recommendations, and data were recorded by using a Tecan infinite M200 Plate Absorbance reader (Absorbance measured at 572 nm). For each well, the absolute respiratory activity was determined by subtracting the absorbance value at t0 to the value after 6 days of incubation at 27˚C in the dark (t6). The average basal respiration value was then subtracted to all the individual substrate respiration values. For each organic substrate, the substrate-specific respiratory activity was averaged and the value was finally divided by the sum of all the mean substrate specific respiratory activities (p i value). The catabolic evenness (E) was calculated to determine the catabolic diversity of soil treatments. It represents the variability of catabolized substrates amongst the range of the targeted substrates and is calculated using the Simpson-Yule index
with p i = (respiration response to individual substrates)/ (total respiration activity induced by all substrates for a soil treatment) [30] . The catabolic evenness could be used to evaluate the ability of microbial communities to resist against environmental stress or disturbance [30] . Data were calculated for the individual responses to substrates but also for the average responses with carbohydrates, carboxylic acids and amino acids.
Assessment of the Mycorrhizal Soil Infectivity
The mycorrhizal soil infectivity was estimated according to Kisa et al. [31] . Four dilutions of each soil sample were made by thoroughly mixing the original cultural soil substrate with the same soil but autoclaved (120˚C, 40 min). The levels of dilution (undisinfected soil/disinfected soil) were: 100%, 50%, 25% and 0% (v:v). Three replicates were prepared for each dilution. Seeds of durum wheat were surface sterilized with 10% sodium hypochlorite, washed with sterile distilled water (120˚C, 20 min) and pre-germinated for 2 days in Petri dishes on humid filter paper. One germinated seed was then transplanted into each of 100 mL pots filled with 100 g of different soil dilution. The pots were placed in a glasshouse under natural light (day length approximately 10 h, mean temperature 22˚C) and watered daily with deionized water. After one month of growth, seedlings were uprooted and their entire root systems were washed under tap water. For each pot, the extent of AM colonization was assessed as described above.
Statistical Analysis
All the data were subjected to a two-way analysis of variance and comparisons among means were made using the Newman-Keuls test (P < 0.05). The percentages of the mycorrhizal colonization were transformed by arcsin(sqrt) before the statistical analysis. To evaluate the mycorrhizal soil infectivity, the relationships between the extent of AM colonization and soil dilutions were analyzed using mixed effects linear regression models. The p-values for model fits were obtained by ANOVA [32] . Computations were conducted with the R software [33] , using the "NLME" package [34] . In the regression models, the fixed effects were the soil origin and the level of dilution (undisinfected soil/disinfected soil: 1, 1/2, 1/4, 0).
Results
Wheat Nutrient Uptake, Growth and Grain Yield
After one growing year, AMF application did not impact the total biomass yield, the spike number per ha, the dry weight of 1000 seeds (grain yield) ( Table 1) . In contrast, a positive effect of the AMF inoculation was recorded after two years of cultivation on the wheat growth and on the grain yield as well as the wheat phosphorus uptake ( Table 1 ). The inoculation effectiveness was of 22.5% for the total biomass yield per ha, 29.3% for the spike number per ha and 7.7% for the grain yield ( Table 1) .
Wheat Mycorrhizal Colonization and Soil Functionalities
The mycorrhizal colonization of wheat plants and the hyphal length were not significantly impacted by the AMF inoculation after one growing year whereas they significantly improved after two growing seasons ( Table 1) .
After two years of cultivation, the catabolic evenness of the soils amended with the AMF inoculum were significantly higher than those calculated for the not inoculated treatments. The highest standardized average respi- (1) Standard error. (2) For each year, data in the same line followed by the same letter are not significantly different according to the Newman-Keul's test (p < 0.05). ration SIRs (Substrate Induced Respirations) to amino-acids and carboxylic acids were recorded in the AMF inoculated treatments after 1 and 2 growing seasons except for the amino-acid group for the second growing year ( Table 2 ). The AMF inoculation gave very different patterns of in situ catabolic potential (ISCP) (Figure 1) . The substrates preferentially used in samples collected from the AMF treatments compared to the control were alanine, glutamine, asparagine, Na-glutamate, ascorbic acid, ketoglutaric acid, oxalic acid, gluconic acid, malic acid, maleic acid and citric acid for the first year of cultivation whereas for the secong growing season, the highest SIR responses were recorded in the AMF inoculated soil with ascorbic acid, ketoglutaric acid, malic acid, maleic acid and citric acid (Figure 1) .
The regression model between the extent of AM colonization and soil dilutions for the four different treatments showed that the treatment and the percentage of soil dilution both had very strong effects (P < 0.0001). The differences between the control and the AMF inoculated treatment were only significant after two growing years (P < 0.001) (Figure 2 ).
Discussion
From the results of this study, the following three main points deserve discussion: i) whether the R. irregularis application was effective in improving the wheat growth, ii) whether the enhancement of wheat growth depended on the mycorrhizal soil infectivity and iii) whether functional abilities of soil microflora depended on AMF inoculation.
1) Field survey of wheat soils predicted that AMF would have the ability to colonize wheat roots at early stages of crop development [35] [36] . The positive effect of R. irregularis inoculation on wheat development is in accordance with previous studies where it has been shown that this fungal isolate was very efficient on the growth of other plant species in controlled conditions [31] [37] [38] and in field conditions [13] . In the present study, AMF field inoculation increased aboveground biomass (+22%) supporting results from mycorrhizal pots experiments that show a mean increase of 18% [36] [39] [40] . Our results showed an increase of 18% for the P concentration in shoot biomass. This is in accordance with previous studies have reported that field AMF inoculation significantly increased P concentration in aboveground biomass (16%) [23] . In our study, the variety of the wheat seeds was unknown as one of our objectives was to test the local seed resources usually used. It is well known that new varieties of many annual crops are more responsive to AMF colonization than ancestral genotypes [41] . It would be useful to compare the inoculation effectiveness on different durum wheat varieties and more particularly on wheat varieties in order to optimize the benefits expected from the AMF inoculation.
2) Positive wheat responses to AMF inoculation was positively correlated with the highest mycorrhizal root colonization root and the highest mycorrhizal soil infectivity. It has been reported that AMF inoculation increased root colonization by 29% leading to a significant plant biomass increase of 23% [17] [42] . These results suggest that the expected benefits on the crop yield mainly result from an increase in AMF abundance, rather than the introduction of new fungal strains [42] . Our results corroborate this evidence that inoculation efficiency is mainly related to abundance, rather than identity effects. (1) Standard error. (2) For each year, data in the same line followed by the same letter are not significantly different according to the Newman-Keul's test (P < 0.05). 3) Microbial catabolic diversity represents another important microbial trait, commonly used to investigate soil functioning [43] . As already reported in previous studies [13] [31] [44] , our results show that AMF inoculation was accompanied with an increase of the soil catabolic eveness. This increase is related to a better soil functioning by enhancing the resistance of soils to stress and disturbance [45] - [47] . The main differences among the patterns of in situ catabolic potential (ISCP) were detected with some carboxylic acids. It is well known that among the identified carboxylic acids, dicarboxylic (oxalic, tartaric, malic, fumaric, malonic acids) and tricarboxylic acids (citric acid) were effective in phosphorus mobilization [48] . It also has been reported that gluconic acid was the most frequent inorganic compound for mineral phosphate solubilisation [49] . SIR responses with all these organic acids were the highest in the AMF inoculation treatment. It suggests that these AMF and their associated hyphosphere microflora excreted higher amounts of such organic acids. These organic compounds could exert a selective influence on soil microbial communities through a multiplication of microorganisms with abilities to catabolize organic acids.
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Conclusion
In conclusion, this study confirms that field AMF inoculation can be proposed as an effective agronomic practice in wheat production and in a sustainable cultural practice to manage the soil biofunctioning. In order to fully profit inoculation, a better knowledge on the AMF ecology has to be acquired in order to predict under which environmental conditions, AMF inoculation will promote yield and agricultural sustainability.
